A detailed thermal behavior and theoretical analysis of uncooled resistive microbolometer is presented along with the proposed thermal imager simulator. An accurate model of a thermal detector is required to design a readout circuit that can compensate for the noise due to process variability and self-heating. This paper presents a realistic simulation model of microbolometer that addresses the fixed pattern noise, Johnson noise, and self-heating. Different simulations were performed to study the impact of infrared power and bias power on the performance of microbolometers. The microbolometers were biased with different bias currents along with different thermal parameters of the reference microbolometer to analyze the impact of self-heating on the thermal image. The proposed thermal imager simulator is used as a tool to visually analyze the impact of noise on the quality of a thermal image. This simulator not only helps in compensating the noise prior to the implementation in Analog Design Environment, but also can be used as a platform to explore different readout architectures. In this work, serial readout architecture was simulated with a row of blind microbolometers that served as a reference. Moreover, the algorithm for the proposed thermal imager simulator is presented.
Introduction
Over the last decade, uncooled thermal imagers have gained significant importance due to their low-cost and highperformance solution. These thermal imagers are widely used in many applications including monitoring of thermal volcanic activity, medical equipment, condition monitoring, electrical inspection, heat-loss inspection of buildings, and military surveillance equipment [1] [2] [3] . As the technology advances, building a low-cost, low-power, compact thermal imager is a key challenge that involves research in many areas. These areas include the performance evaluation of different thermal detectors, material selection based on the compatibility of a thermal detector with the complementary metal-oxide semiconductor (CMOS) process, ROIC design, noise removal techniques, digitization of analog signals, and image processing.
The two important aspects of a thermal imaging system are FPA and the ROIC. An FPA is a two-dimensional array of thermal detectors used for detecting infrared radiation [4] . The acquired signal is converted to a measurable electrical parameter and then passed to the ROIC. The primary function of the ROIC is to perform signal conversion and to send the data to the outputs. An ROIC should compensate for the noise sources and detectors self-heating during the biasing, background radiation, and significant variation in operating temperature [1] . The output of the ROIC is digitized by an analog-to-digital converter (ADC) and passed to the digital signal processing unit, which produces the final thermal image.
Infrared imaging using uncooled microbolometer detectors has been drawing much attention in recent years owing to its low cost and wide military and civilian applications. Uncooled microbolometer detectors operate at room temperature, which eliminates the need for cryogenic cooling [5] . High thermal isolation maximizes the sensitivity of the thermal detector [6, 7] . The selected material should have a high temperature coefficient of resistance (TCR), good thermal isolation, and good compatibility with standard CMOS fabrication processes in a cost-efficient way. Some of the commonly used materials for the fabrication of thermal detectors are vanadium oxide, titanium, and amorphous silicon [8] .
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Microbolometer detector arrays are fabricated using the microelectromechanical systems (MEMS) technology [5, 9] . Due to the variability within the material and process, each fabricated microbolometer has a different nominal resistance value corresponding to the same infrared radiation that introduces the FPN in detector arrays [1, 2, 10] .
The FPN introduces nonuniformity in the thermal imager and needs to be addressed while designing the ROIC. The uniform reference target is the most common solution for nonuniformity correction (NUC) [11, 12] . The uniform reference target provides the known input that can be used to evaluate the output of the thermal detectors. The most commonly used methods that use a uniform target are onepoint NUC and two-point NUC. Both correction algorithms are based on the assumption that every detector is a linear function of the incident radiant flux. One-point NUC is based on the assumption that every detector has identical responsivity and that only the offset of each detector needs to be corrected, whereas the two-point correction algorithm corrects the offset and the responsivity [13] . In [1] , individual calibration of current sources for biasing thermal detectors was proposed to reduce the nonuniformity. One of the common techniques is to use a blind microbolometer as a reference device along with a differential readout circuit [2] . Another method compensates for the FPN by connecting four microbolometer cells in parallel and averaging the resistances of the microbolometers [14] .
When thermal detectors are exposed to infrared radiation, their temperature changes due to the incoming radiant flux. To monitor this change, the detectors need to be electrically biased. Electrical biasing generates Joule heating and causes a change in the resistance of the microbolometer. This heating effect is referred to as the self-heating of the microbolometer [5, 10] . Although the bias duration is usually very small as compared to the thermal time constant of the microbolometer, it significantly increases the temperature of the microbolometer. The reason for this is that bias power is much higher than infrared power, thus resulting in a large temperature drift due to the self-heating [15] . Heat generated by self-heating cannot be quickly dissipated through thermal conduction to the substrate. Readout circuits are required to have a complex circuit design and a high dynamic range if self-heating is uncompensated. Thus, the self-heating must be compensated to improve the performance of the readout circuit and, eventually, of the thermal imaging system.
In the past, self-heating compensation has been explored extensively. Since bias power is directly proportional to bias duration, one simple method to compensate the self-heating is to bias the microbolometer for a very short period as compared to the thermal time constant ( ) of the microbolometer, that is, ( BIAS ≪ ) [16] . Another technique to compensate the self-heating is to bias the microbolometer with the lowest practical value of the current. The bias current should not be low enough such that it reduces the responsivity of the microbolometer [17] . A common compensation technique is to use a row of blind microbolometers that serves as a reference microbolometer [1, 5, 13, 18] . A blind microbolometer is identical to a normal microbolometer but is not affected by incoming incident radiation; thus, it is only subjected to self-heating. A Wheatstone bridge along with a differential amplifier reduces the Joule heating by suppressing the common mode signals [3] . Another self-heating compensation technique is to use a dummy microbolometer that has the same thermal mass as that of a normal microbolometer but has higher thermal conductivity and does not require infrared shielding [18, 19] . The high thermal conductance of a dummy microbolometer detector reduces the thermal time constant to a very low value; thus, it can respond to selfheating immediately.
ROIC is an important building block of a thermal imager, and different ROIC architectures have advantages and disadvantages based on the amplification and integration methodology. The most common architectures are pixelwise, column-wise [20] , and serial [16] . Pixel-wise readout improves the noise performance of a microbolometer by increasing the integration time up to the frame rate; thus, it is more suitable to minimize the Johnson noise [21] . This approach is used in high-speed thermal imaging. The disadvantage of pixel-wise readout is that it increases the complexity and cost of the design. Column-wise readout reduces the number of amplifiers and integrators working in parallel, thus serving as a good compromise between area and speed. Serial readout is a time-multiplexed architecture that performs the readout pixel by pixel. It requires only one amplifier and one ADC, thus reducing the power consumption and complexity of the design at the expense of speed. Usually, there is a tradeoff between speed and power consumption. The power consumption of serial readout is + + , where P D , P A , and P I represent the power consumption in detector, amplifier, and integrator, respectively. Similarly, the power consumption of column-wise readout is ⋅ ( + + ), where Y is the number of columns in a focal plane array.
A comprehensive tool for modeling of image noise in CMOS image sensors is presented in [22] . The tool provides realistic visual effects of noise on image quality. In [23] , the phenomenon of self-heating due to the operation of the readout circuit is analyzed on UL03191 detector. SC7900VL thermographic camera was used to measure the thermodynamic behavior of UL03191 detector. In [24] , a software application, SIST, is presented which simulates the effect of optical lens, detector, and image processing algorithms. The application allows determination of the optimum design of an imager. In [25] , an image generator computer program named SIMTERM is presented. The program consists of four basic modules: the targets editor module, the observation conditions module, the camera module, and the visualization module. The targets editor module enables creation and editing of thermal targets. The observations conditions module calculates radiant signals emitted by the target and creates the input image. The camera module calculates distortions of the input target image due to camera imperfection. The visualization module creates final output thermal image. SIMTERM is a virtual thermal imager simulator that is used for the training of the ground thermal camera operators and for familiarizing them with the functionality of the thermal camera.
To summarize our contribution, we proposed a thermal imager simulator along with the detailed thermal behavior Journal of Sensors 3 and theoretical analysis of uncooled resistive microbolometer. A realistic simulation model of microbolometer that addresses the fixed pattern noise, Johnson noise, and selfheating is presented. The model captures the behavior of microbolometer and helps in designing a readout circuit that compensates for the self-heating and fixed pattern noise. The proposed simulator can be used as a platform to explore different design options for the readout architecture. The simulator helps in understanding and compensating the noise sources prior to the implementation of readout circuit in Analog Design Environment. The current research focuses on the reference-based serial readout architecture. Different simulations were performed to study the impact of bias power and infrared power on the response of the microbolometer. A quantitative comparative analysis between serial and columnwise readout architectures is also presented. This paper is organized as follows. Section 2 explains the theoretical analysis and thermal behavior of uncooled resistive microbolometers. It also presents the algorithm for the proposed thermal imager simulator. Finally, Section 3 provides the simulation results and discussion.
Methodology
In this section, a general system architecture of ROIC is presented, along with the theoretical analysis and thermal behavior of uncooled microbolometers. The microbolometers were biased for different bias currents to understand the self-heating behavior. The temperature variation of the microbolometers during the entire frame period is presented when they were biased only once or multiple times within the frame time. In this study, a reference-pair serial readout architecture was explored in which the reference microbolometer was read out every time a new row was selected. The impact of self-heating due to multiple biasing of the reference microbolometer was studied by varying the thermal conductance of the reference microbolometer and keeping its thermal capacitance the same as that of the normal microbolometer.
Theoretical Analysis of Uncooled Microbolometer.
The analysis of uncooled microbolometer begins by solving the heat balance equation that can be expressed as [25] 
where BIAS is the self-heating power, IR is the infrared input power, is the thermal conductance, and is the thermal capacitance of uncooled microbolometer. The time response and the thermal behavior of the microbolometer are determined by the thermal time constant, thermal capacitance, and thermal conductance. The relationship among these three thermal parameters is defined as = .
(
When the bias duration is very small as compared to the thermal time constant of microbolometer, that is, ( BIAS ≪ ), then the resistance has linear dependence on the temperature and can be expressed as
where ( BIAS ) is the resistance of the microbolometer due to the self-heating, BIAS is the bias duration, 0 is the nominal resistance of the microbolometer, is the temperature coefficient of the resistance (TCR), and Δ ( BIAS ) is the temperature change due to the pulse biasing of the microbolometer and is estimated as
If BIAS is the constant bias current applied to the microbolometer during the readout, then the self-heating power can be expressed as follows:
By solving the above equation for BIAS , the self-heating power can be expressed as
In order to accurately model the microbolometer, it is important to consider the Johnson noise for the resistive uncooled microbolometer. This noise is independent of the microbolometers material composition and exists even at zero bias. The Johnson noise rms voltage can be expressed as
= √4
PIXEL ,
where is the Boltzmann constant, is the temperature in degrees kelvin, is the bandwidth, and PIXEL is the resistance of the microbolometer at ambient temperature. When the focal plane array is exposed to the incident infrared power, the difference in radiant flux incoming on the microbolometer can be estimated as
where Δ scene is the difference between the scene and the ambient temperature and ( / ) 300 K,Δ is the temperature contrast in the infrared wavelength at an ambient temperature. is the area of the microbolometer pixel and is the optics number. The incoming radiant flux changes the temperature of the microbolometer and is given by
where is the fill factor of microbolometer, Δ is the transmission of optics, and Δ is the absorption of microbolometer membrane in the infrared wavelength. When the bias power is zero, the microbolometer cools down based on the following expression:
where is the temperature of the microbolometer at the end of the readout pulse, is the time between the end of the first pulse and the start of the second pulse for the reference microbolometer, and is the thermal time constant of the microbolometer. Figure 1 shows the general system architecture of the ROIC. The FPA consists of * normal microbolometers and a row of blind microbolometers that served as a reference microbolometer. The blind microbolometers were coated with a reflective layer to shield them from input incident infrared power. In the case of serial readout architecture, a current source with two outputs is desirable. The current source should be capable of providing a constant current throughout the readout time to all the microbolometers irrespective of their resistance variation due to the self-heating or process variability.
ROIC Architecture.
Each microbolometer, whether blind or normal, was connected to a current source through a P-type metal-oxidesemiconductor (PMOS) switch. The gate of the PMOS switch was controlled through the digital circuitry that generates the pulse sequence based on the readout topology. A differential approach was used at the preamplification stage, and, finally, digitization of the readout signal was performed using an ADC. The number of amplifiers and ADCs depends on the readout architecture. Thus, if the reference-based serial architecture was used, then only one amplifier and one ADC were used, as it is a time-multiplexed readout architecture.
Thermal Behavior of the Uncooled Microbolometer.
It is very important to understand the overall thermal behavior of an infrared detector before designing the readout circuit. The thermal behavior of a microbolometer not only explains the self-heating response but also helps in choosing the right bias parameters. Each pixel in an FPA represents an individual microbolometer, and these pixels are addressed based on the readout topology. Figure 2 shows the temperature and resistance variation of the microbolometer due to the self-heating when the bias current was swept to 50 A for a bias duration of 6 s, 20 s, and 50 s. It can be seen from the figure that, for a bias duration of 50 s, when the bias current was swept to 50 A, the resistance of the microbolometer decreased by approximately 40 kΩ from its nominal value, which was equivalent to approximately 17 K rise in temperature due to the self-heating. Table 1 shows the thermal parameters of the microbolometer that were used for the simulation [4] .
The bias current is one of the most critical parameters in ROIC design that if chosen appropriately reduces the impact of self-heating without introducing any complexity in the readout design. There is a direction relation between bias current and bias power. If the bias current is large, it will result in large self-heating of the microbolometer. Choosing an optimum bias current is a tricky task. The bias current should not be too small that the responsivity of the microbolometer is compromised, nor should it be too large that the temperature rise due to the self-heating is too large. We have presented a detailed analysis to determine the optimum bias parameters later in this section.
In case of the reference-pair serial readout, the applied bias current should be for a short duration so that each reference microbolometer has time to return to the stabilization temperature before the second pulse is applied to the same microbolometer within the frame time. Otherwise, the temperature would gradually increase to levels leading to overheating. So in order to prevent thermal runaway and to limit the detector noise, it is recommended to bias the microbolometers for a short duration. Figure 3 shows the simulation result of microbolometer temperature variation in the absence of infrared power. Figure 3 (a) shows the temperature variation of normal microbolometer since it was biased only once during the entire frame time, whereas Figure 3 (b) shows the temperature variation of the reference microbolometer as it was biased every time when the new row in the FPA is selected for the readout. The incident infrared power was set to zero to observe the microbolometer temperature response due only to the self-heating. It can be seen from Figure 3 (a) that the microbolometer had a nominal temperature before the readout. The nominal temperature is defined as the temperature difference of the microbolometer with the ambient temperature. This temperature could be either zero, when the incident infrared power was zero, or DC offset of several millikelvins when the microbolometers were exposed to the infrared radiation. The temperature of the microbolometer rises during the readout due to the bias power that resulted in self-heating of the microbolometer. The slope represents the temperature rise during the readout due to the selfheating, and it is linear when the bias duration is very small as compared to the thermal time constant of the microbolometer. At the end of the readout, the microbolometer temperature rises by approximately 600 mK. After the readout, the microbolometer cools down for the rest of the frame period. Table 2 shows the pulse sequence for a pair-wise serial ROIC in which a pair of microbolometers were selected and biased during each pulse duration. The reference microbolometers were biased only once whereas the normal microbolometers were biased twice during the entire frame time. Once the readout of the selected pair was finished, the bias current source was switched to the next pair of microbolometers. Recently biased detector pair was left to cool off until the next pulse within the same frame time arrived. The reference microbolometer cooled down for the rest of the frame time. Table 3 shows the pulse sequence for the referencepair serial readout. In Figure 3(b) , the microbolometer was biased number of times during the entire frame period, where is the number of rows in the FPA. The reference microbolometer needed to be addressed every time a new row was selected. This reference microbolometer could either 
The number of ADCs depends on the ROIC architecture n-bit nonideal ADC
Preamplification stage The number of amplifiers depends on the ROIC architecture Figure 1 : General system architecture of the ROIC, where the pulse sequence is based on the reference-pair serial readout as mentioned in Table 3 . have the same thermal parameters as those of the normal microbolometer or have different thermal conductance to improve the thermal behavior. It can be seen from Figure 3 (b) that, because of the multiple readouts, the temperature of the reference microbolometer rises very high due to the self-heating. A steady-state behavior was expected when the microbolometer attained saturation of the temperature difference. As can be seen in the figure, the temperature of the reference microbolometer rises by approximately 6.5 K at around 50 ms and then oscillated within 500 mK until the end of the frame period. The reference microbolometer experienced a large temperature drift due to the self-heating as it was biased every time a new row was selected. To reduce the self-heating, one can use a method that increases the thermal conductance of the reference microbolometer, whereas the thermal capacitance remains the same as that of the normal microbolometer. Figure 4 shows the pulse sequence for the first reference microbolometer RM (1, 1) and row1 normal microbolometers NM (1, j) of FPA, where the reference microbolometers were biased with a current of BIAS for a short duration of BIAS , separated by a relatively long interval COOL .
If BIAS was 6 s and FPA consists of 128 × 92 pixels, then COOL for each reference microbolometer would be COOL = 6 s × 91 = 546 s. During COOL time, the microbolometer cooled down based on (10). The simulation was performed in which the reference microbolometers with thermal conductance values of 9.5 nW⋅K −1 , 34 nW⋅K −1 , and 144 nW⋅K
were biased with 10 A and 20 A for a bias duration of 6 s, 20 s, and 250 s. Table 4 shows the temperature increase of reference microbolometer in one pulse and before the start of the second pulse Δ COOL using (4) and (10), respectively. Table 4 helps in determining the optimum bias parameters for the microbolometer. As seen in Table 4 , if the bias duration was 250 s, then the temperature increase due to the self-heating in just one single 
RM (1, ) and NM ( , )
is the number of rows; is the number of columns in the FPA; RM: reference microbolometer; NM: normal microbolometer. pulse was very high. Since the reference microbolometer was biased every time when a new row in the FPA was selected, the temperature of the microbolometer would increase to levels leading to overheating. If the optimum value of bias current was applied for that long, then it will eventually result in thermal runaway. The bias parameters that should not be used to bias the reference microbolometer are marked with " †" in Table 4 , in order to prevent the thermal runaway. Figure 5 shows the temperature variation of the reference microbolometer when it was biased multiple times during the frame period, for the parameters not marked with " †" in Table 4 . If we consider that the acceptable temperature rise due to the self-heating is 4 K above the nominal temperature of the microbolometer, then, from Figure 5 , the reference microbolometer could be biased with the parameters marked with " ‡" in Table 4 . The ROI was highlighted in Figure 2 where MIN was 10 A and MAX was 20 A. From Table 4 , if the thermal conductance of the reference microbolometer was significantly larger than the thermal conductance of the normal microbolometers, then BIAS = MAX , whereas if the thermal conductance values of the reference and the normal microbolometers were the same, then BIAS = MIN . The optimum bias parameters will be BIAS = 20 A and BIAS = 6 s for th = 144 n⋅W⋅K −1 whereas BIAS = 10 A and BIAS = 6 s for th = 34 n⋅W⋅K −1 . The bias duration should be very small as compared to the thermal time constant of the reference microbolometer; otherwise, the temperature rise due to the self-heating during the readout would be nonlinear. If the microbolometer is biased for a longer duration, comparable to the thermal time constant of the microbolometer, then, for an optimum value of the bias current, the resistance of the microbolometer changes significantly and nonlinearly during the pulse bias period. This resistance change would be in the order of several kiloohms. Since the bias duration is too large, the voltage change over the period would be significant and nonlinear instead of negative ramp. It can cause a reduction in the dynamic range, that is, voltage range due to the significant voltage change over the period, thereby using up allowable voltage swing. Ideally, the output voltage of the amplifier would remain constant over temperature. However, due to the self-heating effects, the output voltage decreases with increasing temperature. In order to make sure that an amplified signal remains constant over temperature and well within the dynamic range of the readout circuitry, the microbolometer needs to be biased for a shorter duration.
The thermal conductance of a microbolometer depends on the thermal conductivity of the material and the design 8 of the thermal isolation structure. The worst-case scenario is when the conductivity of the reference microbolometer is the same as that of the normal microbolometer. In [26] , an optimum reference detector design with thermal conductance of 50 nW/K for uncooled resistive microbolometer is presented. Figure 6 simulates the temperature response of microbolometers with and without infrared radiation. The microbolometers were biased with a bias current of 10 A for a duration of 10 s. It can be seen from the figure that when the microbolometers were not exposed to infrared radiation, their temperature changed linearly during the readout time and there was no DC offset before the start of the readout. Similarly, when the microbolometers were exposed to infrared radiation, there was a temperature drift due to the incoming radiant flux. It was assumed that all the microbolometers had achieved saturation of the temperature difference before the start of the readout; that is, the readout of the microbolometers would start after 50 ms of exposing the microbolometers to infrared radiation. The temperature rise due to the incident infrared power was reflected by the small temperature step at the start of the readout. The temperature change due to infrared power was very small as compared to the temperature rise due to the self-heating.
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Thermal Imager Simulator.
When microbolometers are fabricated, they suffer from process variability that introduces an FPN into the thermal image. For the simulation purpose, a process variation of ±10% is considered and a uniformly distributed noise is introduced in the 100 kΩ nominal resistance that serves as an FPN. Algorithm 1 shows the algorithm for the thermal imager simulator that works in two steps. The first step is the calibration mode and the second step is the image acquisition mode. In the calibration mode, the dark condition is set to true. The infrared power is set to zero so that there is no change in the resistance of microbolometer due to the incident radiation. The calibration data are acquired by covering the lens of the thermal camera, that is, by not exposing the microbolometers to infrared power. The thermal parameters of the microbolometer along PIXEL ( , ) (9) if dark condition equals true, then (10) SetΔ IR ( , ) = 0
) Amplification and integration based on the readout topology. (20) Analog to digital conversion using -bit non-ideal ADC. (21) if dark condition equals true, then assign output as, (22) Calibrationdata (23) else (24) Imagedata ( with the bias and ROIC parameters are provided to the simulator. A pulse sequence is generated for the readout of the microbolometers based on the pulse sequence provided in Table 3 . The complete readout is performed and the data acquired at this stage serves as the calibration data. The calibration operation does not need to be performed every time a new thermal image is taken. The next step is to acquire the thermal image. In the image acquisition mode, the dark condition is set to false. A grayscale thermal image is provided as an input to the simulator. The focal plane array is exposed to the infrared power for few ms so that all the normal microbolometers achieve the saturation of temperature difference before the readout start. The incoming radiant flux only changes the resistance of normal microbolometers since the reference is an infrared blind microbolometer whose resistance only changes due to the electrical biasing. The complete readout is performed again based on the pulse sequence provided in Table 3 and the acquired data serves as the image data.
The resistance of reference microbolometer only changes due to the self-heating, in both the calibration mode and the image acquisition mode. But the resistance of normal microbolometer changes due to the self-heating in the calibration mode and self-heating along with infrared power in the image acquisition mode. The final thermal image is produced by subtracting the calibration data from the image data. A differential amplifier is used to remove the common mode signals and to perform the amplification of the readout voltage. A 14-bit nonideal ADC is used to perform the analogto-digital conversion, and the resulting digital information is used to display an output thermal image. Table 5 shows the test cases that were used to simulate the serial readout architecture using the proposed simulator. The serial readout topology was a pair-wise timemultiplexed row-wise readout architecture in which one pair Table 3 , case I, (c) case II, (d) case III, (e) case IV, (f) case V, (g) output for BIAS = 20 A, BIAS = 250 s using column-wise readout, and (h) output for case IV mentioned in Table 3 using pair-wise serial readout.
Results
of microbolometers was biased and readout was performed. The normal and reference microbolometers were biased such that they followed the temperature variation shown in Figures  3(a) and 3(b) , respectively. To be realistic, the Johnson noise was included in the modeling of uncooled microbolometer. The output of the differential amplifier was added with an offset error, gain error, and white Gaussian noise to model the nonideal ADC as shown in Figure 7 . Figure 8(a) shows the input thermal image to the simulator. For the simulation purpose, it was assumed that all the microbolometers were exposed to the infrared input power long enough to achieve saturation of the temperature difference. For case I and case II, the thermal conductance of the reference microbolometer was kept lower than that of the normal microbolometer. Figure 8 Table 3 .
reference pair that was biased multiple times within the frame period, such low value of the bias current is acceptable. For case II when the bias current was 20 A, most of the pixels were black, as shown in Figure 8 (c). The reason is that when the bias current was large, the temperature of the microbolometer rises to a significantly high value due to the self-heating. Since resistive microbolometers have a negative temperature coefficient of resistance, the rise in temperature decreases their resistance, which in turn decreases the voltage drop across the reference microbolometer. The decrease in voltage drop results in higher output of the differential amplifier. If the output of the differential amplifier is higher than the maximum voltage swing of the ADC, then the output of the ADC for that particular pixel gets saturated and appears black. In case III, the bias current was kept the same as that in case II, but the thermal conductance of the reference microbolometer was larger than that of the normal microbolometer. The impact of self-heating was drastically reduced since the reference microbolometer cooled down very sharply before it was read out with the next row owing to its low thermal time constant. Figure 8(e) shows the worstcase scenario for a reference microbolometer, when the reference and normal microbolometers have the same thermal conductance. The bias current was slightly reduced for case IV to lower the self-heating. In case V, the bias current was further increased to 30 A for the reference microbolometer with high thermal conductance, which resulted in a distorted image because of very high self-heating. Figure 8(g) shows the output of the thermal imager simulator for BIAS = 20 A, BIAS = 250 s using column-wise readout. When the microbolometers are biased for a longer duration, then the temperature drift due to the self-heating is significantly large. It will result in the introduction of vertical strip noise in the thermal image as seen in Figure 8 (g). Different readout topologies require different bias parameters, depending on the amplification and integration methodology.
Image quality index (IQI) is an image distortion assessment technique that was used as a statistical tool to compare the results of the test cases mentioned above. IQI considers three major factors under consideration while evaluating the image distortion: loss of correlation, luminance distortion, and contrast distortion [27] . The dynamic range of IQI is [−1, 1]. In order to have a strong relationship between an input thermal imager and output image, the IQI should approach 1. Test cases mentioned in Table 5 were simulated for the reference-based serial readout and column-wise readout using thermal imager simulator. The frame time for a serial readout architecture was set to 100 ms whereas for a column-wise readout it was set to 10 ms. The quantitative comparative analysis between the two architectures is shown in Figure 9 .
It can be inferred from the results that, except for case II and case V, the reference-based serial readout has better IQI than the column-wise readout. In case II, the thermal conductivity of the reference microbolometer is very small as compared to that of the normal microbolometer, whereas, in case V, the bias current is too large, thus introducing large temperature drift due to the self-heating. In order to improve IQI for the reference-based serial readout, the bias current should be kept within the region of interest, as shown in Figure 2 . Similarly, if the thermal conductance of the reference microbolometer is higher than that of the normal microbolometer, then, for a higher value of bias current, a better thermal image with low noise can be achieved. Further increasing the bias current introduces more noise in the image. On the other hand, IQI for the column-wise readout architecture does not significantly vary based on the thermal conductance of the reference microbolometer. Since all the microbolometers including the reference microbolometer were biased only once during the entire frame period, the reference-based serial readout was preferred over the column-wise one because the power dissipation was very low and, for the optimum value of the bias current, better IQI was achieved.
In order to make a comparison between reference-pair serial and pair-wise serial readout, case IV of Table 5 was simulated for pair-wise serial readout. Figure 8(h) shows the output for case IV using pair-wise serial readout architecture. The IQI for case IV for reference-pair serial is 0.75 whereas for pair-wise serial the IQI is 0.51. The power dissipation for both serial readout architectures is approximately the same, because the pair-wise serial architecture uses the same resources as those of the reference-pair serial readout, that is, one amplifier and one ADC, and selects a pair of microbolometers at a time but differs in terms of microbolometer selection and readout. The reference-pair serial readout puts strict requirements on the dynamic range of the readout as compared to the pair-wise serial but, in terms of image quality, the reference-pair serial readout shows better results as compared to the pair-wise serial for optimum bias parameters.
Conclusion
In this paper, a detailed thermal behavior and theoretical analysis of uncooled microbolometer was presented. The impact of self-heating on the performance of the thermal imager was explored. Choosing an appropriate bias parameter is one of the most important tasks while designing an ROIC. The bias current should be such that it does not compromise the responsivity of the microbolometer and, at the same time, does not increase the temperature of the microbolometer membrane owing to the self-heating. Similarly, the bias duration should be very small as compared to the thermal time constant of the microbolometer; otherwise, it will result in a large temperature drift owing to the selfheating. Moreover, it can be inferred from the results that the temperature rise due to bias power was much higher than that due to incident power. A thermal imager simulator was presented which was used as a tool to visually analyze the impact of noise on the quality of the thermal image. The proposed simulator can serve as a useful tool for the designers to find an optimum value of the bias parameters taking into account the acceptable temperature rise due to the self-heating. In this work, a serial readout architecture was explored with a blind microbolometer as a reference. The quantitative comparative analysis between the serial and column-wise readout was presented. The serial readout was preferred because of low power dissipation and better IQI.
